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Abstract

We propose to study high momentum components in **He via (e, 'p) reactions at
large @* and z > 1 in the missing energy range from the two-body breakup into the
continuum. At Q% ~ 2, 3 (GeV/c)?, we propose to measure in parallel kinematics the
34He(e, €'p) cross-sections at y = —300 MeV/c (z = 1.61, 1.51, respectively) and, further
away from the quasi-clastic peak, at y = —450 MeV/c (z = 1.98,1.80, respectively).
To further our understanding of the underlying currents, a separation of the longitudi-
nal(L}/transverse(T) structure functions in *He(e, €'p) is proposed at @ ~ 2 (GeV /c)?
and y = —300 MeV/c (z = 1.61). These systematic studies of the semi-exclusive reactions
in the z > 1 side of the quasi-elastic peak will provide new detailed information on high
momentum components and NN correlations in nuclei and will help to constrain modern
theoretical calculations on few-body systems. The kinematics are selected such that me-
son exchange currents and final state interaction eflects will be suppressed. Hence, NN

correlations in nuclei can be studied with less ambiguity.



1. Introduction

The nucleon-nucleon interaction is of fundamental interest in nuclear physics. While
its long and intermediate range properties are described by meson exchange, little is known
about its short distance behavior. Lack of experimental understanding of the short-range-
correlations (SRC) of NN pairs in nuclei has been a long standing problem in nuclear
physics. high momentum components of the wave functions are associated with SRC.
Therefore, studies of high momentum components are closely coupled to understanding

of short-range behavior of nucleons in nuclei.

Past studies of inclusive (e,e’) and semi-exclusive (e,e’p) scattering from nuclei have
established that the quasi-free description of electron scattering from target nucleons
does not provide the complete picture of electro-nuclear interactions. Meson exchange
currents {MEC), isobar configurations (IC), final state interactions (FSI) and SRC must
be included. To enhance the role of correlations, it is useful to go away from quasi-elastics
(QE) kinematics which is dominated by the single-particle picture. With medium beam
energies, this is typically done by going to the “dip” region where MEC, IC and FSI play
important roles. To reduce the effects of MEC and IC it is preferred to go to the low
energy transfer {w) side of the QE peak as well as increasing the momentum transfer (g).
In the case of high ¢, ejected hadrons have high enough momentum so that FSI becomes

less important and is also better described by theory.

34He nuclei are of particular interest since they are relatively simple, yet differ in
density. Modern calculations (Faddeev and variational calculations) provide improved
initial state wave-functions [1, 2, 3]. In the case of *He, full Faddeev calculations are
now possible for steadily increasing final state energies [4, 5]. These calculations need to
~ be tested by studying critically different aspects of the wave functions and currents. A
detailed and sufficient quantity of experimental data will help to constrain the theoretical

calculations and improve our understanding of these nuclei.



II. Physics Motivations

SRC arise when two nucleons interact at a small distance at which the NN inter-
action is dominated by the strong repulsive core. This feature is a general property of
correlated pairs in nuclei, therefore it should be similar for different nuclei. One should
find similarities in the high momentum structure of different nuclei. Theoretical calcu-
lations of momentum distributions in nuclei performed within non-relativistic framework
but using realistic NN potentials indicate that, to a good approximation, the momentum

distribution of the nucleus at p > p, > 300 MeV/c can be represented by [10, 11]

na(p) = az(A)na(p) (1)

where n, is the contribution of nucleon pair correlation and is independent of A. In semi-
exclusive (e, e'p) reactions, one should find a ridge in the missing momentum and missing
energy plane given by

En=w-T,~p[2my (2)

where the spectral function S{(E,,, p,,) is enhanced.

The signals of SRC are normally hidden by competing processes such as MEC and
FSI. It was shown that the FSI of the struck nucleon, evaluated with an optical poten-
tial, totally overwhelms the effects from ground state NN correlations [12]. Nonetheless,
in Ref. [13] the relevance of NN correlations on the inclusive cross-section in the region
1 < z < 2 has been again advocated, arguing [11] that in that region, since scattering from
a nucleon at rest is kinematically forbidden, the contribution from a correlated NN pair in
a nucleus should be proportional to that in the deuteron. Increasing the ejected hadron
momentum will suppress multi-step scattering processes. More recently, it has been shown
that, in the case of light as well as complex nuclei, the inclusive cross-section at Q% > 1
(GeV/c)? and 1.3 < z < 2 is dominated by the absorption of the virtual photon on a

pair of correlated nucleons and by their elastic re-scattering in the continuum [9]. Both
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initial state correlations and final state interactions resemble the ones occurring in the

deuteron (apart from the c.m. motion and the binding of the pair in the complex nucleus).

In semi-exclusive reactions, the excitation of the residual nuclear system, E,, is
measured. It can be easily chosen so that the momenta entering in the ground state wave
function would be larger than the Fermi-momentum, kr. Calculations of FSI diagrams
within the generalized eikonal approximation in Ref. [15] show that in addition to z > 1,
the condition:

g
Ipmz + EOEm| 2 PF (3)

will confine the I'SI within the short range correlated pair (Where p,,, is the longitudinal
part of the missing momentum. In the case of parallel kinematics, p,,, is the same as

measured p,,).

Inclusive reactions (e,€’) have been used to study nuclear structure and dynamics
for a long time. Early inclusive scattering data from SLAC at high Q? and in the z > 1
region show y—scaling and the necessity of including short-range-correlations (SRC) to
match the measured strength in the low energy transfer (w) side of the QE peak [6, 7].
When Faddeev wave functions generated by NN potential models were used, calculations
underestimated the strength for |y| > 200 MeV/c. By introducing phenomenologically
high momentum component to the wave functions (or y-scaling functions), one can fit the
inclusive data well [6, 7, 8]. 1. Sick et al multiplied the Faddeev spectral function by the

empirical function
f(R) =1+ (k/ko)" (4)

with n = 2.5 and k, = 285 MeV/c. The consequent increase in the high momentum
components helps fit the data well over the whole region (fig. 1). This work suggests that
a good region to look for SRC is ¢ > 800 MeV/c and = > 1. Recently, Ciofi degli Atti
and West [8} introduced a similarly motivated function of the form B - e~ (b ~ 1.18

fm=1) for large y which fits the inclusive data very well with b independent of A. They



concluded that this reflects a universal aspect of short range NN correlations in nuclei.
Other theoretical studies over the years also suggest that the best kinematics to look for
short range correlations is at high initial nucleon momentum and z > 1 [6, 7, 8, 9, 10, 11].

This proposal is designed to take advantage of some of these ideas.

The negative y region (z > 1) has other attractive properties. First, the contribu-
tion of nucleon resonances (e.g. the A) is substantially reduced due to the lower energy
transfers involved. Second, since y—scaling behavior is observed at high Q2 from the
SLAC data (see fig. 2), one can be reasonably certain that meson-exchange contributions

are not large since there is no apparent reason that MEC should scale [7].

We propose to measure cross-sections for the (e, ¢'p) reactions which can be related
to measuring na(p) (eq. 2) for both *He and *He at different high values of Q® and y
(z > 1). Cross-sections at high p,, will be measured both for the two-body breakup and

missing energy continuum. Spectral function S{Ey,, pn) around the ridge will be studied.

Since the longitudinal (L) and transverse (T) components of the cross-section corre-
spond to different couplings, coulombic and magnetic, respectively, the requirement that
the calculations reproduce both simultaneously provides a stringent test of our-under-
standing of the currents involved and the reaction mechanisms. The MEC are mainly
transverse in character. The longitudinal response offers the possibility of a clean probe
for SRC effects in the spectral function. Hence, we also propose to do an L/T separation
at @* = 2 (GeV/c)? and y = —300 MeV/c for the *He(e, e'p) reaction. When combined
with the cross-sections at different high @?’s and |y|’s, it should help to disentangle the
SRC signals. The separated L/T response functions may provide unique insights on the
anomaly observed in the recently published Saclay data [18] at similar p,, = 260 MeV/c,
but in the dip-region and low Q% where MEC and FSI contribute significantly.



III. Other Recent Related Experimental Studies

There are a number of recent data collected at different laboratories. But the overall
amount of data is still scarce. In particular, there is no semi-exclusive data in the low
energy transfer region (w) of the QE peak (z > 1) or at high Q2 (> 1 (GeV/c)?) where we

propose our measurement. We give a brief summary of what has been done in this section.

The signals of correlations have been observed in recently published Saclay experi-
ments on *“He(e, e'p) reactions in the dip-region [16, 17]. Indication of bumps correspond-
ing to (Ep)e = Mp + Mpp — Mag, ~ p?, /4m,, for different 0pq were observed in the missing
energy continuum for *He(e, €'p) (see fig. 3). The data show some agreement with a cal-
culation of Laget [19]. In the two-body breakup channel, the cross-section exceeds PWIA
significantly when p,, > 400 MeV/c. It was suggested that this is due to absorption of
a virtual photon on a quasi-deuteron with the spectator proton being detected. Results
from the “He(e, e'p) reaction are inconsistent with theoretical calculations both in the
two-body breakup and the continuum [17]. In the missing energy continuum, three data
points with p,, > 350 MeV /c indicate the effects of correlations and are in fair agreement,
with calculation of Laget [20]. Three data points with 250 < p,, < 350 MeV do not show
any indication of correlations. This is not understood. The momentum distribution after
corrections show similarities for *He, ‘He and 2D. In the two-body breakup channel, the

data significantly disagree with calculations which include MEC and FSI.

NN correlations were also investigated by *He(e, ¢'p), and ‘He(e, ¢'pp) reactions at
Bonn [21], also in the dip-region and at five different o’s. NN correlations were identified
by a bump in the missing energy continuum in the (e, €'p) channel at w = 275 MeV. There

again, the bump is not well described by calculations of Laget [20] which include MEC
and FSIL.

An L/T separation was performed for the *He(e, e'p) reaction in the dip-region



at recoil momentum of 260 MeV/c [18]. The longitudinal spectral function is strongly
quenched relative to the transverse both in the two-body breakup and in the continuum.
The ratio of longitudinal to transverse in the continuum is much smaller (more than a

factor of 2) than model calculations [20] taking into account FSI and MEC (see fig. 4).

As can be seen, existing data, as discussed above, provide indications of SRC and
some agreement with theoretical calculations, but also show anomaly and disagreement

with the same calculations.

At MAMI, there is a comprehensive program to separate longitudinal and trans-
verse structure functions in *He(e, €'p) in order to study nuclear currents and the reac-
tion mechanisms. The data cover the missing energy range from two-body breakup to
200 MeV [26]. Data analysis is in progress. As part of this program, the y-dependence
(y = —200,0,+140 MeV/c) of Ry and Ry in **He(e,e'p) is studied [26]. These high
accuracy data in combination with modern theoretical calculations will shed light on the
nuclear currents and interactions in these few-body systems. Our proposal takes these

measurements to the high Q% domain and extends y to -450 MeV /c.

This proposal is also complementary to and takes a step further than the Hall-C

experiment 89-008 [24] which is inclusive scattering from nuclei at z > 1 and high Q2.

Our proposal is also complimentary to the approved Hall-A proposal on 3He(e, e'p)
experiment E-89-044 {25] (720 hours). That experiment concentrates on the QE peak and
“dip” kinematics (z < 1) to separate response functions, while our proposal emphasizes

the 1 < xr < 2 region.

There are no semi-exclusive data, either total cross-sections or separated response
functions, in the low energy transfer (w) side of the QE peak on 3‘He(e, e'p) reactions.

High precision data from this proposed experiment and other approved experiments can



provide very useful information to constrain theoretical calculations and hopefully reveal

long expected SRC signals.
IV. Experimental Considerations - kinematics, rates etc.

We proposed to measure cross-sections of the **He(e, e'p) reactions for the two-
body breakup and the continuum at y = —300 and -450 MeV/c. This will give us a range
of missing momentum for similar missing energy bins. The distribution of the spectral
function S(Em,pm) can be studied and SRC can be searched for around the ridge of
E = pZ/2m (eq. (3)). We propose to study the Q2 dependence of the cross-sections by
measuring the cross-sections at each y value with two different Q%'s (2 and 3 (GeV/c)?).
As discussed earlier, the difference in spectral functions at different Q*'s in the same E.,

and p,, range will provide information on MEC and FSI.

We propose to measure cross-sections on both *He and ‘He nuclei to search for
similarities in the high momentum components distributions, therefore to study the sim-

ilarities of NN correlations in these nuclei.

An L/T separation is also proposed for the *He(e, €'p) reaction at Q2 = 2 (GeV /C)?,
y = —300 MeV/c (z = 1.6). These data will also provide insight on the effects of MEC
and FSI and will provide a stringent test for theoretical calculations. This may also help

to understand the L/T anomaly observed in the Saclay experiment, [18].

We take advantage of the two high resolution spectrometers in Hall-A to study both
*'He(e, e'p) reactions at the two-body breakup and in the continuum. These data will
cover a missing energy range from two-body breakup to 100 MeV (for some kinematiccél
settings up to 150 MeV) and missing momentum of 200 to 600 MeV/c. Figure 5 shows

a simulated distribution of E,, — p,, acceptance at @ = 2 (GeV/c)?, y = —300 MeV/c
and z = 1.6).



The kinematic acceptance and counting rates for ® He(e, €'p) reaction were calculated
with the computer Monte Carlo code MCEEP with a spectral function of Meier-Hajduk
et al [1] for ®He and its modified version from I. Sick [27]. Hall-A spectrometer parameters

2 gsec™! were assumed. Table 1 shows the rates and beam

and a luminosity of 1 x 10%cm™
time required. The rates are for the two-body breakup and the continuum. The beam
time requested is for acquiring a 2% statistical accuracy in the E,, = 40 — 50 MeV bin
(see figs. 6 and 7 which are sample distributions E,, and p,, from the simulation). The
beam time required to measured the cross-sections of *He(e, €'p) at @* = 2, 3(GeV/c)?

and y = —300,450 MeV /c is 220 hours.

Since there is no spectral function for the *He missing energy continuum, we esti-
mate the rates based on the ratio of 3He(e, ¢'p)2H and ‘He(e, e'p}*H cross-sections. Taking
the ratio of the cross-sections to be 1.25 and the Hall-A cryo-target density ratio for ‘He
to *He to be 0.15/0.093 ~ 1.6, the rates for *He(e, €'p) in the same kinematic region are
about 2 times higher than for the 3He(e, €'p) reaction. Therefore, the beam time required

for the same cross-section measurements on *He is about 110 hours.

Table 2 shows the counting rates and beam time estimation for the L/T separation
of the *He(e, €'p) reaction with three virtual photon polarizations. The beam time re-
quested is for acquiring 2% statistical accuracy in the E,, bin of 40-50 MeV over the p,,
range in the acceptance. Very limited w — ¢ acceptance is used for the forward setting to
match the restricted w - g acceptance of the backward setting (see fig. 8). The beam time
required to do the L/T separation of *He(e, €'p) at Q? = 2 (GeV/c)?, y = —300 MeV/c

{(z = 1.61) and three virtual photon polarizations is 380 hours.

The estimated singles counting rates and accidental coincident rates with the $He
target are shown in Table 3. The singles counting rates (those observed in the electron

spectrometer originating from (e, €’) and (e, 7~) reactions and in the hadron spectrometer
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Table 1: The rates and beam time estimates for *He(e, ¢'p).

KIN Q? Y X | two-body breakup | continuum | beam time
(GeV/e)? | (MeV/c) (counts/hour) (counts/hour) | (hours)
KIN1 2 -300 1.61 3433 4099 10
KIN2 3 -300 1.51 494 689 40
KIN3 2 -450 1.98 127 549 35
KIN4 3 -450 1.80 29 136 135

The beam timne required is estimated to achieve a 2% statistical accuracy in the B, bin of {0-50
MeV over the pm range in the acceptance. This is for 3He only. Beam time required for ‘He

will be about 50% of the above numbers, as discussed in the text.

originating from (e, p) and (e, n+) reactions) were estimated with the computer codes QFS
and EPC of Lightbody and O’Connell {29]. Accidental coincidence rates were calculated
assuming a coincidence timing width of 2 ns and a duty factor of 100%. The listed acci-
dental rates are over the whole missing energy range within the momentum acceptances
of the spectrometers. The accidental coincidence rates are insignificant compared to the

true coincident rates for all kinematics considered.

Systematic errors associated with uncertainties of beam energy, spectrometer angu-

lar positions and particle momenta, and normalizations are estimated and listed in table 4.

The errors on the separated response functions have been estimated with assumed
accuracies of the measured cross-sections and relative strength of the L/T response func-

tions. Table 5 shows the estimates.
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Table 2: Rates and beam time estimates for the L/T separation of *He(e, e'p)

KIN | Beam energy g € | two-body breakup | continuum | Beam time
{(MeV) (degree) (counts/hour) (counts/hour) | (hours)
KINg 4045 0 (.92 845 634 83
KINy 2445 0 0.76 . 125
KINg 1645 0 0.48 505 350 170

The beam time required is fo achieve a 2% statistical accuracy in the Ep, bin of 40-50 MeV over
the pm range in the acceptance at y = -300 MeV/c (z = 1.61) and Q* = 2 (GeV/c)?. Phase

spaces have been matched for forward-backward settings.

V. Commitment of the Collaboration

This experiment is proposed as a Hall-A collaboration experiment. There will be
graduate studenis available from MIT or other institutions to work on the experiment as
their Ph.D. dissertations. We do not expect any problem in terms of manpower for this

experiment.

VI. Summary

We proposed to measure cross-sections of >*He(e, e'p) for the two-body breakup and
the continuum at large @* and z > 1 with two Q’s and two y values. High momentum
components of the wave-functions will be studied. Kinematics are chosen to enhance SRC
and suppress competing currents. Longitudinal and transverse response functions will be
separated for 3He(e,e'p) at Q% = 2 (GeV/c)? and y = —300 MeV/c (z = 1.6) for the
two-body breakup and the missing energy continuum. This will help to further charac-

terize the underlying currents and reaction mechanisms. This experiment will provide
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assuming a coincidence timing width of 2 ns and a duty factor of 100%. The listed acci-
dental rates are over the whole missing energy range within the momentum acceptances
of the spectrometers. The accidental coincidence rates are insignificant compared to the

true coincident rates for all kinematics considered.

Systematic errors associated with uncertainties of beam energy, spectrometer angu-

lar positions and particle momenta, and normalizations are estimated and listed in table 4.

The errors on the separated response functions have been estimated with assumed
accuracies of the measured cross-sections and relative strength of the L/T response func-

tions. Table 5 shows the estimates.
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Table 5: Estimates of the errors on the separated L/T response functions.

(6o /o) (%) | Ru/Rr | 6R./R. | 6Ry /Ry
3% 1.0 13% 14%
0.5 19% 11%

0.2 36% 9%

4% 1.0 17% 19%
0.5 25% 14%

0.2 49% 11%

These estimates assume errors on the cross-sections to be 3% and 4%. Assumptions are also

made on the relative strength of the L/T response functions.
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Figure 6: Simulated missing energy (FE,,) distributions for counting rates estimate at the

Q% =2 (GeV/c)?, z = 1.6 and 2.0 (y = —300 and -450 MeV /c), respectively.
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Figure 7: Simulated missing momenta (pn) distributions for *He(e, ¢'p) two-body breakup

and continuum at the @* = 2 (GeV/c)?, z = 1.6 (y = -300 MeV/c), and £ = 2.0 (y = —450
MeV/c), respectively.
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Figure 8: Phase space acceptances of w — ¢ at Q* = 2 (GeV/c)?, z = 1.6 and y = —300
MeV/c for L/T separation as obtained from the simulations. The forward acceptance has

been cut to match the limited acceptance for the backward setting.
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LAB RESOURCES LIST

Date

JLab Proposal No.:

{For Jtab UL0 use onfy.)

List below significant resources — both equipment and human — that you are
requesting from Jefferson Lab in support of mounting and executing the proposed
experiment. Do not include items that will be routinely supplied to all running
experiments such as the base equipment for the hall and technical support for
routine operation, installation, and maintenance.

Major Installations (either your equip. or new
equip. requested from JLab)

Ao

New Support Structures: M)

Data Acquisition/Reduction

Computing Resources:

Standard

New Software: /‘/0

Major Equipment

S"I:o\nolmfi

Magnets:

Power Supplies: Stan JW "L

Targets: ‘S"Enhol h(i

cryogneics Targef
VAZ; é
STO\V\JM/J

Detectors:

gﬁ’miaﬂ!

Electronics:

S‘to«uarml

Computer Hardware;

Other: N 2

Other:




HAZARD IDENTIFICATION CHECKLIST

JLab Proposal No.:

(For CEBAT User Liaison Office use only.)

Check all items for which there is an anticipated need.

Cryogenics
beamline rnagnets
analysis magnets

target 3 ¢
type: )P(Q-
flow rate: _
capacity: _

L
v

Electrical Equipment
cryo/electrical devices
capacitor banks
high voltage
exposed equipment

Date:

Radioactive/Hazardous Materials
List any radioactive or hazadorous/
toxic materials planned for use:

Pressure Vessels
inside diameter
operating pressure
window nitaterial
window thickness

Flammable Gas or Liquids
type:
flow rate:
capacity:

Drift Chambers
type:
flow rate:
capacity:

Other Target Materials
Beryllium (Be)
Lithium (Li)
Mercury (Hg)
Lead (Pb)
Tungsten (W)
Uranium (U)
Other (list below)

Vacuum Vessels
inside diameter
operating pressure
window material
window thickness

Radioactive Sources
permanent installation
temporary use
type:
strength:

Large Mech. Structure/System
lifting devices
motion controllers
scaffolding or
elevated platforms

Hazardous Materials

cyanide plating materials
scintillation oil (from)

PCRs

Installation:
permanent
temporary

calibration
alignment

methane

TMAE

TEA

photographic developers
other (list below)

General:

Experiment Class:
\/ Base Equipment
Temp. Mod. to Base Equip.
Permanent Mod. to
Base Equipment
Major New Apparatus

Other:




BEAM REQUIREMENTS LIST

Date:

Lab Proposal No.:

Hall: _ / ‘

Spokesperson: _—S-LA NGUuo zZ HAV
(Lr1) 258 ~$428
~S2H A0 @ MATINS . MIT.COU

PAC Approved Days:

Anticipated Run Date:

Hall Ligison: Wil be avai]able

Phone:
E-mail:

List all combinations of anticipated targets and beam conditions required to execute the experiment.
(This list will form the primary basis for the Radiation Safety Assesment Document (RSAD) calculations that

must be performed for each experiment.)

Condition| Beam Mean Beam Polarization and Other Target Material Material Est. Beam-On
No. Energy Current Special Requirements (use multiple rows for Thickness | Time for Cond.
{(MeV) {LA) (e.g., time structure) complex targets — {mg/cm?) No. (hours)
e.g., wiwindows)
3.5 -
ho4s | joe o e 930 45
- 3.
164S°| /o0 Ve "He 930 | /70
~ S.¥
24gs | foo s He 930 /2%
The beam energies, E; _, availableare: E, =NxE, whereN=1,2,3,4,or5. E, ..=800MeV, ie,

available E,___are 800, 1600, 2400, 3200, and 4000 MeV Other energies should be arranged with the

Hall Leader before listing.




